Abstract This work analyzed the spectral and spatial distribution of the particle volume scattering function, b p , in a cascading reservoir system. During fieldworks water quality parameters and scattering data were sampled in a predetermined stations. The b p was estimated using the ECO-BB9 equipment that measures the volume scattering function, b at 117°[b(117°)]. The estimated b p (117°) were compared with the remote sensing reflectance, Rrs, and the chlorophyll-a (Chl-a) concentration, total suspended matter (TSM) concentration and the transparency (measured using a Secch disk). The results showed that in a hypertrophic environment the b p is dominated by the phytoplankton scattering and in an oligotrophic water system, the scattering by a suspended matter dominates. The b p (117°) variability from a hypertrophic to an oligotrophic aquatic system affects the remote sensing reflectance (R rs ) spectral shape. Due to this, the parametrization of a unique biooptical model to estimate the optically active components in the water will be challenging.
Introduction
Since the pioneering works of Tyler and Richardson (1958) and Petzold (1972) a relatively few measurements of the volume scattering function, b(h), have been made (Chami et al. 2006; Twardowski et al. 2012 ). The b(h) describes the angular dependence of scattered light from an incident unpolarized beam (units in m -1 sr -1 ). It is defined as the radiant intensity, dI(h), scattered from a volume element, dV, into a unit solid angle centered in direction h, per unit irradiance, E (Twardowski et al. 2012 ). Usually b(h) is portioned into the sum of two components, the pure water component, b w (h), and the particulate component, b p (h). The magnitude of b(h) is strongly affected and dominated by the particle component. This component is associated with scattering contributions by many types of particles suspended in water.
The b(h) and the absorption coefficient, a (m -1 ), both inherent optical properties (IOPs), play a fundamental role in hydrological optics by determining the light field in aquatic media, as well as the water leaving radiant energy to the atmosphere crossing the water surface (Kirk 1991) . The interaction of light with aquatic particles alters the spectral and angular characteristics of the incident light field (Zhang et al. 2013 ). The b(h) is used to estimate the backscattering coefficient, b b (m -1 ), which represents the integral of b(h) within the backscattering angular range from 90°to 180° ( Babin et al. 2012; Alcântara et al. 2016a ). The b b and a coefficients are directly related to the remote sensing reflectance, R rs , as described by Gordon et al. (1988) :
where a(k) represents the sum of the absorption coefficients of phytoplankton, detritus, coloured dissolved organic matter (CDOM), and pure water, while b b (k) is represented by the sum of backscattering of particulate material and pure water. The aim of this letter was to analyze the variations of b p in a cascading reservoir system. To do this two fieldworks were conducted in order to obtain water quality parameters, R rs spectra and b(h) in a cascading reservoir system. Cascading system can causes limnological modifications from the upstream to downstream reducing the turbidity and increasing the transparency of water, and the biotic and abiotic factors of water accumulate until the last dam, which receives input from all the previous water bodies (Barbosa et al. 1999 ).
Materials and methods

Study area
The Barra Bonita (BB) and Nova Avanhandava (Nav) reservoirs (Fig. 1) (Barbosa et al. 1999 ).
Fieldwork
Two field campaigns were carried out in the end of the dry season in both BB and Nav reservoirs. In the BB reservoir, the field survey was accomplished between 13 and 16 October 2014 (austral spring). In the Nav reservoir, the field campaigns occurred between 23 and 26 September 2014. A total of 18 samples were collected in BB and 19 samples in Nav.
Water sampling processing
Water samples were collected at each sampling spot and filtered through a glass fiber filter GF/F Whatman, 47 mm diameter and 0.7 lm pore size, to estimate the Chl-a concentration (lg l -1 ) in laboratory (Golterman 1975) . To estimate the total suspended matter, TSM (mg l -1 ), water samples were also filtered through a glass fiber filter GF/F Whatman (47 mm diameter and 0.7 lm pore size) and stored frozen in the dark (APHA 1998).
Remote sensing reflectance (R rs )
In situ radiometric measurements were made using three TriOS hyperspectral radiometers (TriOS, Oldenburg, Germany): two ARC-VIS sensors with a 7°field-of-view in order to measure radiance, and one ACC-VIS sensor with a cosine collector to measure irradiance. Both ARC and ACC sensors have 3.3 nm of spectral sampling, work in a wavelength ranging from 320 to 950 nm, use an integration time of 4 ms to 8 s, and an operation temperature ranging from -10 to ?50°C. Radiances (total radiance-L t ; and diffuse radiance-L sky , both in W m -2 sr -1 ) and downwelling irradiance data [E d 
were measured in an azimuth angle of 90°in order to minimize the specular reflection (Mobley 1999) . To avoid shadow from the instrument the fieldwork followed the geometry suggested by Mueller (2003) . The hyperspectral measurements allowed the computing of the remote sensing reflectance (R rs , units in sr -1 ) above water, by using Eq. (2).
where h is the azimuthal angle (in degrees), / is the zenithal angle (in degrees), k is the wavelength (in nm), and 0 ? indicates that measurements were made just above the water surface.
Particle volume scattering function [b(h)]
The b(h) was measured using a WET Labs ECO-BB9 (WET Labs, Inc. 2013). The ECO-BB9 acquires measurements at nine wavelengths: 412, 440, 488, 510, 532, 595, 650, 676 and 715 nm in a single angle (117°). It is assumed that the loss of photons due to scattering is negligible and only the loss by absorption should be accounted for and corrected according to:
where b correction is the corrected total volume scattering function (m -1 sr -1 ), b measured is the raw calculated total volume scattering function (m -1 sr -1 ), and a is the corresponding absorption coefficient (m -1 ). The spectral, a, measurements were acquired in situ using an ac-s meter (WET Labs AC-S device), with 10 cm optical path which works in a spectral range from 400 to 742 nm with resolution precision of approximately 4 nm.
The volume scattering function of particulates [b p (117°)] can be obtained by subtracting the volume scattering of water (b water ) from the b correction as follows:
Data interpolation
The b p (117°) for BB and Nav reservoir were interpolated using the Ordinary Kriging (OK) algorithm (Isaaks and Srivastava 1989) . The semivariograms were fitted testing several theoretical models (spherical, exponential, Gaussian, linear and power) and using the weighted least square method. The theoretical model that gave minimum standard error was chosen for further analysis. In this case, the fitted model was based on the Gaussian model. The adjustment on the Gaussian model suggests the existence of smooth spatial variance pattern at the study site (Burrough and Mcdonnell 1998).
Results and discussion
Water quality parameters
The Chl-a concentration in BB is average 49 times higher than Nav reservoir, with TSM concentration 14 times higher in BB than in Nav reservoir. Consequently, the transparency is six times higher in Nav than in BB reservoir (Table 1) .
Spectral R rs and the particle volume scattering function
Since the Nav reservoir is very clear water, with low TSM and Chl-a concentrations, the main spectral behavior showed high values of reflectance at shorter wavelength and lower reflectance for longer wavelength (Fig. 2a) . This spectral behavior is expected due to the more penetration of electromagnetic radiation in the water column for shorter wavelengths, and since the concentrations are very low, the radiation penetrates deeper (Rijkeboer et al. 1998 ). The R rs spectra for BB reservoir highlights an absorption feature near 680 nm is observed and is due to the presence of cyanobacteria, and a reflectance feature near 710 nm that is associated with Chl-a concentration (Fig. 2b) .
For both Nav and BB reservoirs the b p is higher in shorter wavelengths, decreasing toward longer wavelengths. In BB reservoir two samples stations presented higher b p when compared with Nav b p data. This can be associated with the higher Chl-a and TSM concentrations in BB than in Nav reservoir. The interpolated b p data is presented in the next section in order to identify the spots of higher and lower b p in both reservoirs.
Interpolated particle volume scattering function
The interpolated b p (117°) for Nav and BB reservoirs are shown in Fig. 3a and b, respectively. These results clearly reveal that the b p (117°) measured at 0.5 m is higher in BB than in Nav reservoir. In addition, we can see that the Tietê River is the main responsible for increasing the b p (117°) in both reservoirs. However, the extension of this influence is more pronounced in BB reservoir. According to Alcântara et al. (2016b) in BB reservoir when the Chl-a concentration is higher than 200 mg m -3 the R rs spectra can be affect by the packaging effect. The package effect is a common physiological strategy for large phytoplankton species, such as diatoms (Bricaud et al. 1995) . The package effect reduces the absorption spectra and can increase the error of estimate Chl-a concentration from space (Marra et al. 2007 ). An example of the influence of the packaging effect on the bio-optical modeling can be accessed in the work of Watanabe et al. (2015) . Some studies suggested that the small particles are responsible for most of non-water backscattering in the ocean (Stramski and Kiefer 1991; Ulloa et al. 1994; Zhang et al. 2013 ). However, others recent studies indicated that in open ocean larger particles may be more important in backscattering (Westberry et al. 2010) . But up to now there is no conclusive information about these findings for inland water. Then, more analysis needs to be realized to better understand the b p (117°) behavior in inland water and their relationship with the R rs spectra and also with the optically active components in the water.
Conclusion
This work focused on the field measurements of the b p (117°) in a cascading reservoir system in Tietê River. The analyses reveals a higher b p (117°) values for BB reservoir, where the Chl-a concentration is higher enough to be considered as a hypertrophic water body and lower in Nav reservoir that is a oligotrophic reservoir, with very low turbidity. The observed variability in b p (117°) will modulate the backscattering coefficient, that will influence the shape of R rs spectra. Due to this, the parametrization of a unique bio-optical model to estimate the optically active components in the water will be challenging.
